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ABSTRACT 
 
Evaluation of Levulinic Acid for Topical Decontamination of Meat Surfaces 
 
 
by  
 
 
Jeffrey V. Smith, Master of Science 
 
Utah State University, 2011 
 
 
Major Professor:  Dr. Jeffery R. Broadbent 
Department:  Nutrition, Dietetics, and Food Science 
 
 Experiments were performed to investigate the effects of wash treatments, 
consisting of hot water, 2% lactic, 2% acetic, or 2% levulinic acid, for decontamination 
of pathogenic bacteria previously inoculated onto meat surfaces, to inhibit  growth of 
pathogenic bacteria inoculated onto previously washed meat surfaces, and on the 
organoleptic quality of sliced turkey roll and beef trim.  Acid washes were no more 
effective at reducing Escherichia coli O157:H7 on beef plate, Listeria monocytogenes on 
sliced turkey roll, and Salmonella on pork belly than was water wash.  Only lactic acid 
treatment was more effective than water at reducing Salmonella on chicken skin, but by 
less than 1 log CFU/cm2.  Increasing wash temperatures with 2% levulinic acid did not 
reduce E. coli O157:H7 on beef plate.  Organic acid washes did not protect against 
growth of L. monocytogenes and E. coli O157:H7.  Acetic acid prevented growth of 
Salmonella, but only on chicken skin.  Organic acid spray treatments of sliced turkey roll 
and beef trim did not affect consumer liking of turkey roll or cooked ground beef patties.  
Acid treatments had some effect on instrumental color measurements, but these appear to 
have little practical significance.  Overall, washing with 2% organic acid solutions was 
 
 
 
iv 
no more effective at reducing pathogenic bacteria on meat surfaces than washing with 
water. 
 (75 pages) 
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INTRODUCTION 
 
 
Annually in the United States, foodborne diseases cause an estimated 76 million 
illnesses, 325,000 hospitalizations, and 5,000 deaths.  Of these, cases implicated with 
known pathogens account for approximately 14 million illnesses, 60,000 hospitalizations, 
and 1,800 deaths (Mead et al., 1999).  Meat and poultry are seen as particularly 
hazardous foods, providing an ideal environment for the growth of foodborne pathogens.   
Listeria monocytogenes, Escherichia coli O157:H7, and Salmonella are 
significant food safety hazards commonly associated with meat and poultry.  The USDA 
Food Safety and Inspection Service has estimated that meat and poultry contaminated 
with these bacteria result in as many as 5,000,000 illnesses per year (FSIS, 1996).   
Because of the high incidence of illness caused by contaminated meat products, in 
1998 the USDA mandated the implementation of Hazard Analysis and Critical Control 
Point (HACCP) systems to control food safety hazards in production facilities.  In order 
to comply with government regulations for lowering pathogens in raw meat, many 
processing facilities include as part of their HACCP programs an organic acid wash for 
meat and poultry carcasses immediately following harvest (Sofos & Smith, 1998).   
Organic acids exhibit both bactericidal and bacteriostatic properties.  Bactericidal 
activity likely arises from denaturation of acid-labile proteins and DNA (Salmond, Kroll, 
& Booth, 1984).  Bacteriostatic effects are thought to be due to diffusion of undissociated 
(protonated) acid molecules across the cell membrane and their subsequent dissociation 
in the cytoplasm, resulting in accumulation of acid anions and decrease in cytoplasmic 
pH (review by Hirschfield, Terzulli, & O’Byrne, 2003). 
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Lactic acid wash treatments are reported to be effective for decontamination of E. 
coli O157:H7 on beef carcasses (Hardin, Acuff, Lucia, Oman, & Savell, 1995; King et 
al., 2005; Ransom et al., 2003) and of Salmonella on chicken skin (Tamblyn & Conner, 
1997), and acetic acid is reported to inhibit growth of L. monocytogenes on bologna 
(Samelis et al., 2001). 
In theory, the antimicrobial effects of organic acid wash solutions are enhanced 
with increasing concentration and application temperatures. Typical spray applications of 
lactic and acetic acids involve 2% solutions at 54ºC to minimize acid evaporation that 
leads to corrosion of equipment (Smulders & Greer, 1998).  Topical application of 
organic acids is also suggested to impart a residual protective effect against pathogen 
growth on carcasses (Dorsa, Cutter, & Siragusa, 1998) and processed meats (Samelis et 
al., 2001).   
Levulinic acid (4-oxo pentanoic acid) is an organic acid that has GRAS status for 
direct addition to food as a flavor additive or adjunct (21 CFR, 172.515).  Levulinate in 
processed meat formulation has been previously shown to be effective in inhibiting 
spoilage bacteria in fresh sausage (Vasavada, Carpenter, & Cornforth, 2003) and L. 
monocytogenes in turkey roll and bologna (Thompson, Carpenter, Martini, & Broadbent, 
2008).  Factors suggesting this acid’s potential as a decontamination agent include a pKa 
(4.61) between that of lactic and acetic acids (3.88 and 4.76, respectively), as well as a 
much higher boiling point (245ºC) than lactic and acetic acids (122 and 118ºC, 
respectively).  The latter could allow use of levulinic acid at higher temperatures with 
minimal evaporation, which in theory could provide maximum bacterial kill while 
minimizing problems with corrosion of equipment and facilities.   
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It was our hypothesis that levulinic acid wash would be an effective treatment for 
topical decontamination and provides residual protection against pathogen growth on 
meat surfaces.  In addition, it was expected that levulinic acid treatment would not 
negatively affect the organoleptic characteristics of meat products.  To test this 
hypothesis, I performed the following specific objectives: 
Objective 1:  Investigate the extent of decontamination that results from topical 
application of levulinic acid to meat surfaces as compared to lactic and acetic acids. 
Objective 2:  Evaluate the extent of surface decontamination that results from topical 
application of levulinic acid at various concentrations and at temperatures greater than 
currently in use for lactic and acetic acid. 
Objective 3:  Investigate the residual protection against growth of pathogenic bacteria 
imparted by topical application of levulinic acid to meat surfaces as compared to lactic 
and acetic acids 
Objective 4:  Evaluate the organoleptic implications from topical application of levulinic 
acid as compared to lactic and acetic acids. 
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LITERATURE REVIEW 
 
 
Listeria monocytogenes 
Listeria monocytogenes was first described in 1926 by Murray, who isolated it 
from laboratory rabbits and guinea pigs.  Because of an increased number of circulating 
monocytes associated with infection, he named it Bacterium monocytogenes (Murray, 
Webb, & Swan, 1926).  Pirie renamed it Listerella hepatolytica in 1927, and in 1940 
gave it its present name, L. monocytogenes.  The organism was first isolated from 
infected humans in 1929 by Nyfeldt (reviewed by Farber & Peterkin, 1991). 
L. monocytogenes is a Gram-positive, facultatively anaerobic, non-spore-forming 
bacillus capable of growth at temperatures ranging from -0.4 to 50ºC.  It is catalase 
positive and oxidase negative (Farber & Peterkin, 1991).  The organism is ubiquitous in 
the environment and is able to withstand various stresses, including high salt 
concentrations, low pH, and refrigeration temperatures (reviewed by Barmpalia et al., 
2005).  Between 20 and 25ºC, the organism is motile due to the production of 
peritrichous flagella; however, flagella production, and consequently motility, is 
diminished at higher temperatures (Farber & Peterkin, 1991).   
At optimum temperatures, the organism can grow at a lower pH, but as 
temperature decreases, a more neutral pH is required for growth.  At 4ºC, the minimum 
pH needed for growth is between 5.0 and 5.7, while at 30ºC, the minimum pH falls 
between 4.3 and 5.2 (Ahamad & Marth, 1989).   
Food pasteurization temperatures kill Listeria monocytogenes, but post-process 
contamination may occur due to the ubiquity of the organism.  The organism is 
responsible for an estimated 2500 cases of foodborne illness annually in the U.S., with 
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20% case fatality rate (Mead et al., 1999).  Healthy individuals are less susceptible to 
Listeria infection than are pregnant women, fetuses, neonates, and immunosuppressed 
individuals.  Perhaps fewer than 1000 cells are necessary to cause listeriosis in these 
people (FDA, 2009).  After ingestion, Listeria cross the intestine into the bloodstream, 
and establish infection in inner organs, the brain, and, in the case of pregnant women, the 
fetus (Cabanes, Dehoux, Dussurget, Frangeul, & Cossar, 2002).  The most common 
symptoms of infection include meningitis and sepsis (systemic inflammatory response).   
Because of their potential for post-process contamination with L. monocytogenes, 
ready-to-eat meats are of special concern.  It is recommended that process-based 
measures be taken to minimize or prevent the growth of L. monocytogenes in these foods 
(Seman, Borger, Meyer, Hall, & Milkowski, 2002).  L. monocytogenes emerged as an 
important meatborne pathogen following recent outbreaks of listeriosis that originated 
from contaminated ready-to-eat (RTE) meat and poultry products (CDC, 1999).  Given 
the high mortality rate associated with this pathogen, the USDA Food Safety and 
Inspection Service maintains a policy of zero-tolerance for L. monocytogenes in RTE 
foods (FSIS, 2002b). 
 
Escherichia coli O157:H7 
Escherichia coli O157:H7 is a Gram-negative, facultatively anaerobic, non-spore-
forming, mesophilic rod belonging to a group known as enterohemorrhagic E. coli, or 
EHEC, which infect humans through fecal-oral transmission.  This serotype is the 
predominant cause of diseases associated with EHEC in the United States. 
E. coli O157:H7 was first identified as a human pathogen following two 
outbreaks in 1982 (Wells et al., 1983).  This organism produces exotoxins which have 
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been classified as Shiga toxins, due to their similarity to toxins produced by Shigella 
dysenteriae.  Toxin production was first reported by Johnson, Lior, and Bezanson (1983).   
Shiga toxin-producing E. coli were first associated with hemolytic-uremic syndrome, or 
HUS, which can result in acute kidney failure and death, by Karmali et al. (1985).  
Symptoms range from severe stomach cramps, bloody diarrhea, and vomiting to HUS.  
Recent outbreaks include a 2006 outbreak associated with fresh spinach, in which 199 
people were infected, 101 were hospitalized, and three died (CDC, 2006).   
E. coli O157:H7 causes an estimated 73,000 infections with more than 2000 
hospitalizations and 61 deaths annually in the USA (Mead et al., 1999).  The estimated 
cost of these illnesses is approximately $405 million, including $370 million for 
premature deaths, $30 million in medical care, and $5 million in lost productivity 
(Frenzen, Drake, Angulo, & Emerging Infections Program FoodNet Working Group, 
2005).  Beef was implicated in 45% of known EHEC infections, and in 90% of those 
cases, the beef was ground (Stopforth, Skandamis, Geornaras, & Sofos, 2007).   
Many strains of E. coli O157:H7 are unusually tolerant to acidic environments.  
No appreciable reduction of the organism was found in studies using up to 1.5% acetic, 
lactic, or citric acid sprays on beef inoculated with the organism (Brackett, Hao, & Doyle, 
1994).  High populations of the organism have been found to survive in fermented 
sausage at pH 4.8 for up to two months (Glass, Loeffelholz, Ford, & Doyle, 1992) and in 
apple cider at pH 3.6 for up to 31 days (Zhao, Doyle, & Besser, 1993).  Along with other 
organisms (including Salmonella and Listeria) E. coli has been found to adapt to acidic 
environments through what is known as the acid-tolerant response (Hickey & Hirschfield, 
1990; Phan-Thanh, Mahouin, & Aligé, 2000).  Upon induction, this acid-tolerant state 
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has been found to persist for prolonged periods of time and can increase cell resistance to 
other stresses, such as heating and antimicrobials (Rowbury, 1995). 
Because of the dangers associated with this organism, USDA-FSIS regulations 
prohibit the presence of E. coli O157:H7 in ground beef (FSIS, 2002a).  The organism is 
considered an adulterant and any product in which it is found must be destroyed.   
 
Salmonella 
Salmonella is a Gram-negative, facultatively anaerobic bacillus of the family 
Enterobacteriaceae.  It was discovered in 1880 and first cultured by Gaffky in 1884 
(Burrows, 1959).  In 1885, Salmon and Smith isolated the organism from infected swine, 
naming it Bacillus cholerae-suis (Salmon & Smith, 1886).  The organism was renamed 
Salmonella after Dr. Daniel Salmon in 1900 by Lignieres and later grouped according to 
serotype based on the work of Kauffmann and White.  The Salmonella group now 
includes more than 2400 serovars (Popoff, Bockemuhl, & Brenner, 1998).  
Chickens and pigs are major reservoirs of the organism, which translates into 
prevalence in poultry and pork products (Rampling, 1993).  Other animal reservoirs 
include turkeys and cows, though many other animals may harbor these organisms 
(Gianella, 1996).  It has been reported that up to 65% of broiler chicken carcasses may be 
contaminated with Salmonella (Anonymous, 1989).  Poultry harboring Salmonella are 
not easily identified, as they usually exhibit no signs or symptoms of infection (Apatow, 
2004).  Fecal contamination during harvest of such birds introduces Salmonella into the 
food supply.  Approximately 95% of human salmonellosis cases are associated with 
exposure to contaminated food (Mead et al., 1999). 
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The incidence of Salmonella infection dwarfs that of most other foodborne 
illnesses and is increasing worldwide (Institute of Medicine, 1998), with an estimated 1.4 
million cases each year, comprising nearly 10% of total annual foodborne illnesses and 
resulting in over 30% of deaths associated with foodborne illness in the United States 
(Mead et al., 1999).  The monetary impact of Salmonella is estimated to be $2.4 billion 
(Frenzen et al., 1999).  Symptoms include diarrhea, fever, and abdominal cramps.  
Healthy individuals tend to recover in four to seven days without treatment, but infants, 
elderly, and immunocompromised individuals are more likely to have a severe illness, 
resulting in systemic infection.   
 
Bactericidal and Bacteriostatic Effects  
of Organic Acids 
As a safety measure to prevent the growth of pathogenic bacteria, organic acids 
and their salts are increasingly being used in meat production, especially as dips and 
spray washes for carcasses decontamination and as additives in restructured meat 
products.  Lactic and acetic acids are commonly used in the meat industry (Berry & 
Cutter, 2000).  Lactic acid is reported to be more effective for decontamination of E. coli 
O157:H7 on beef (Ransom et al., 2003) and Salmonella spp. on chicken (Tamblyn & 
Conner, 1997), while acetic acid was found to inhibit L. monocytogenes on bologna 
(Samelis et al., 2001). 
Although the inhibitory effects of organic acids on bacteria have been widely 
studied, the exact mechanisms of action are not completely understood.  Several 
mechanisms have been proposed, including cytoplasmic acidification (Davidson, 2001; 
Freese, Sheu, & Galliers, 1973; Krebs, Wiggins, Stubs, Sols, & Bedoya, 1983; Lambert 
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& Stratford, 1999; Ricke, 2003; Stratford & Rose, 1986), intracellular accumulation of 
acid anions (Carpenter & Broadbent, 2009; Roe, McLaggan, Davidson, O’Byrne, & 
Booth, 1998; Roe, O'Byrne, McLaggan, & Booth, 2002; Russell, 1992; Russell & Diez-
Gonzalez, 1998), and plasma membrane disruption (Freese et al., 1973; review by 
Hirshfield et al., 2003; Stratford & Anslow, 1998).   
The protonated (undissociated) form of many small organic acids is able to 
diffuse through the cytoplasmic membrane into the cell (Bjornsdottir, Breidt, & 
McFeeters, 2006; Hsiao & Siebert, 1999; McWilliam Leitch & Stewart, 2002; Roe et al., 
2002; Virto, Sanz, Álvarez, Condón, & Raso, 2006).  Upon entering the near-neutral pH 
of the cytoplasm, the acid dissociates, potentially contributing to a decrease in 
cytoplasmic pH.  The antibacterial action of organic acids decreases as carbon chain 
length increases (D’Aoust, 1989), and acids with lower molecular weights have been 
found to diffuse into cytoplasm more easily than larger acid molecules (Virto et al., 
2006).  Acidification of the cytoplasm has been found to inhibit glycolysis by inhibition 
of dehydrogenase and aldolase enzymes (Podolak, Zayas, Kastner, & Fung, 1995; Yuk et 
al., 2006).  Decline in cytoplasmic pH may also result in an increased lag phase, due to 
the energetic cost of removing protons from the cell in an attempt to restore normal 
cytoplasmic pH (Lambert & Stratford, 1999).   
In addition to intracellular acidification, dissociation of organic acids exposes the 
cell to toxic anions.  Anion accumulation can increase cellular osmolarity, which may 
lead to lethal turgor pressure (Roe et al., 1998).  This effect may be countered by anion 
efflux or by decreasing the concentration of other intracellular anions such as glutamate 
to help maintain charge balance in the cytoplasm (Roe et al., 1998).  Roe et al. (2002) 
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reported that E. coli cells exposed to 8mM acetate accumulated high levels of acetate 
anions in the cytoplasm and showed a reduction in intracellular glutamate levels.  These 
cells also exhibited high levels of homocysteine, which inhibits cellular growth by 
competitive inhibition of methionyl tRNA synthetase.  Levels of tRNAMet were decreased 
in cells treated with acetate, and the addition of methionine was found to relieve the 
inhibitory effects of acetate anion accumulation.  Therefore, it was determined that the 
methionine biosynthetic pathway is inhibited by acetate, though it is unlikely the only 
pathway affected by the acid anions.   
The third proposed mechanism of acid inhibition, membrane perturbation, has 
been shown in yeasts with sorbic acid (Stratford & Anslow, 1998) and in Gram-negative 
bacteria with lactic acid (Alakomi et al., 2000).  The protonated form of lactic acid was 
reported to be more disruptive to Gram-negative membranes, resulting in disintegration 
of outer membranes and release of membrane fatty acids into surrounding medium, while 
the potassium salt showed no membrane activity.  This disintegration of the outer 
membrane was also found to sensitize bacteria to other antimicrobial compounds, such as 
nisin. 
 
Organic Acids as Carcass Washes 
As previously mentioned, organic acids, such as lactic and acetic acids, have been 
widely used in the meat industry as a topical treatment for reduction of pathogens.  FSIS 
Directive 7120.1 regarding safe and suitable ingredients used in the production of meat 
and poultry products (FSIS, 2010) indicates organic acid concentrations of up to 2.5% 
(v/v) are approved for pre-chill carcass washes, with up to 5% (v/v) lactic acid approved 
for spray application to carcasses prior to fabrication.  Extensive research has been 
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performed to investigate the effects of organic acid washes to reduce pathogens on meat 
carcasses, testing both immediate decontamination effects and inhibitory effects over 
time (reviewed by Winkler & Harris, 2009).   
Experiments measuring the initial decontamination of pathogens on meat surfaces 
after wash with organic acids have included varied methods and yielded sometimes 
conflicting results.  In general, higher acid concentrations and longer wash times were 
reported to produce greater reductions.  In some cases, greater than 3 to 4 log reductions 
of Salmonella typhimurium and E coli O157:H7 were observed (Castillo et al., 2001; 
Tamblyn & Conner, 1997).  Other experiments found no significant reductions in E. coli 
O157:H7 on beef samples (Bolton et al., 2002; Conner, Kotrola, Mikel, & Tamblyn, 
1997). 
Several investigations have shown organic acid washes to be effective for 
inhibiting pathogen growth over the shelf life of raw meat products (Dorsa et al., 1998; 
González-Fandos & Dominguez, 2006; Over, Hettiarachchy, Johnson, & Davis, 2009), 
and some even demonstrated effective inhibition over time periods well beyond product 
shelf life.  Dorsa et al. (1998) reported that 2% lactic or acetic acid sprays inhibited 
growth of Listeria innocua, E. coli O157:H7, Salmonella typhimurium, and Clostridium 
sporogenes for 21 days, keeping pathogen concentrations below 1 log CFU/cm2 on beef 
carcass surfaces over the course of the tests.  Samelis et al. (2001) found a 2.5% acetic 
acid dip treatment kept L. monocytogenes levels on bologna to inoculum levels of 2 log 
CFU/cm2 for 70 days. 
Levulinic Acid 
Recently, there has been a renewed interest in the antimicrobial activity of GRAS 
organic acids and their salts.  These compounds are readily available, and their 
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application is simple and inexpensive.  Levulinic acid, or 4-oxopentanoic acid, is an 
organic acid that has GRAS status for direct addition to food as a flavoring agent or 
adjunct (21 CFR, 172.515).  It has a molecular formula of C5H8O3, a molecular weight of 
116.12, and a pKa of 4.59.  
Levulinic acid can be produced by heating hexose, or any carbohydrate containing 
hexose, with a dilute mineral acid for an extended period of time.  Glucose, fructose, 
sucrose, and biomass materials including woods, starches, cane sugar, grain sorghum, and 
agricultural wastes have been used for this purpose (Chang, Peilin, & Ma, 2006).  
Ghorpade and Hanna (1999) patented a continuous extrusion process to produce levulinic 
acid from cornstarch. 
Levulinic acid has not been extensively studied as an antimicrobial agent in meat, 
so there are currently no USDA regulations for its use.  However, previous research has 
shown sodium levulinate effectively inhibited growth of spoilage bacteria in fresh 
sausage (Vasavada et al., 2003).  Additionally, Thompson et al. (2008) demonstrated that 
the addition of sodium levulinate to turkey roll and bologna significantly inhibited growth 
of L. monocytogenes.  Since the salt of levulinic acid was shown to be effective for 
bacterial inhibition in meat products, this study investigated the efficacy of topical 
application of the acid for decontamination or growth inhibition of L. monocytogenes, E. 
coli O157:H7, and Salmonella spp. inoculated onto various meat surfaces. 
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MATERIALS AND METHODS 
 
 
Bacterial Strains 
Strains of Listeria monocytogenes, Escherichia coli O157:H7, and Salmonella 
used in this study as listed in Table 1.  L. monocytogenes strains were obtained from Dr. 
Martin Wiedmann, director of the International Life Sciences Institute North American 
Database at Cornell University, E. coli O157:H7 strains from Dr. Stephen Ingham of the 
University of Wisconsin-Madison, and Salmonella strains from Dr. Vijay Juneja of the 
USDA Agricultural Research Service.   
Original cultures were grown once and stored as frozen (−80°C) stock cultures in 
BHI broth with 15% (vol/vol) glycerol.  Working cultures of each strain were prepared 
by transferring 0.1 ml of a fresh overnight culture grown at 37°C in brain heart infusion 
(BHI) broth (Becton, Dickinson and Company, Sparks, MD) into 10 ml of fresh BHI and 
incubated at 37°C for 24 h (stationary phase cells).   
 
Preparation of Antimicrobial Wash Treatments 
Organic acid wash solutions were prepared by diluting glacial acetic acid 
(Mallinkrodt Baker, Inc., Phillipsburg, NJ), lactic acid (Mallinkrodt Baker, Inc.), and 
levulinic acid (Sigma Chemicals, St. Louis, MO) with distilled water to yield 2% (v/v) 
solutions of each acid.  Measured pH values were 2.67, 2.15, and 2.88, respectively.  
Fresh solutions were prepared prior to each test.   
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Table 1 
Bacterial strains and sources. 
Organism Strain Source 
FSL J1-177; ribotype DUP-1051D; 
lineage I; serotype 1/2b Isolated from human sporadic case 
FSL C1-056; ribotype DUP-1030A; 
lineage II; serotype 1/2a Isolated from human sporadic case 
FSL N3-013; ribotype DUP-1042B; 
lineage I; serotype 4b 
Food isolate associated with human 
listeriosis epidemic in the UK (1988-
1990) 
FSL R2-499; ribotype DUP-1053A; 
lineage II; serotype 1/2a  
Human isolate associated with US 
outbreak linked to sliced turkey (2000) 
Listeria 
monocytogenes 
 
 
 
 
 
 
FLS N1-227; ribotype DUP-1044A; 
lineage I; serotype 4b 
Food isolate associated with US outbreak 
(1998-1999) 
ATCC 43895 Ground beef isolate implicated in illness 
outbreak 
UWIL-BTI-1  Beef trim isolate 
UWIL-BTI-2  Beef trim isolate 
UWIL-BTI-3  Beef trim isolate  
UWIL-BTI-4  Beef trim isolate  
UWIL-BTI-5  Beef trim isolate 
UWIL-BTI-6  Beef trim isolate 
UWIL-BTI-7  Beef trim isolate 
UWIL-BTI-8  Beef trim isolate 
UWIL-BTI-9  Beef trim isolate 
UWIL-BTI-10  Beef trim isolate 
Escherichia 
coli O157:H7 
 
 
 
 
 
 
 
 UWIL-BTI-11 Beef trim isolate 
Thompson FSIS 120  Chicken isolate 
Enteritidis H3502, phage type 4  Clinical isolate 
Enteritidis H3527, phage type 13a Clinical isolate  
Typhimurium H3380, phage type 
DT104  Clinical isolate 
Hadar MF60404  Turkey isolate  
Copenhagen 8457  Pork isolate  
Heidelberg F5038BG1  Ham isolate  
Salmonella 
 
 
 
 
 
 Montevideo FSIS 051  Beef isolate 
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Meat Sample Preparation 
Whole fresh turkey breasts without tenders were purchased from Norbest 
(Midvale, UT).  Turkey roll consisted of the following as a percent of total weight in the 
formulation: turkey breast (60), water (34.11), sodium tripolyphosphate (0.5), salt (1.8), 
dextrose (1.99), sugar (0.8), and carrageenan (0.8).  Turkey breast was ground through a 
2.54-cm head using a 2-blade knife.  Ingredients were mixed in a food-grade vacuum bag 
for 10 minutes, then stuffed into 10-cm fibrous casings (Package Concepts, Greenville, 
SC) and cooked (Smokehouse Model TR2-1700, Vortron Inc., Beloit, WI) for 2 h at 54 
°C with 60% relative humidity (RH), followed by 2 h at 65.5°C with 60% RH, and then 
88°C with 60% RH until an internal temperature of 68°C was reached. Cooked products 
were rinsed with cold water for 5 min and stored overnight at 4°C.  Turkey roll was then 
cut by hand into 5 x 5 cm slices approximately 0.2 cm-thick.   
Beef plate cuts were purchased from JBS Swift (Hyrum, UT) and cut by hand into 
5 x 5 cm squares.  Only squares with a surface of at least 75% lean meat were used.  
Whole fresh chicken breasts were purchased from D&M Distributing (Ogden, UT).  
Skins were removed and cut into 5 x 5 cm squares.  Skin-on pork bellies were obtained 
from D&M Distributing (Ogden, UT) and cut into 5 x 5 cm squares. 
 
Sample Inoculation 
Species-specific cocktails of L. monocytogenes, and E. coli O157:H7, were used 
to inoculate sliced turkey roll, and beef plate, respectively.  A cocktail of Salmonella was 
used to inoculate chicken skin and pork belly.  Pathogen cocktails were prepared by 
combining 1 ml aliquots from a fresh overnight culture of each strain (BHI, 24 h, 37 °C) 
in a sterile, conical, 15-mL centrifuge tube.  The mixture was centrifuged at 3000 rpm for 
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15 min, washed twice with sterile phosphate-buffered saline (PBS; 8.45 mM of 
anhydrous Na2HPO4, 1.59 mM NaH2PO4•H2O, and 145.45 mM NaCl, pH 7.4), and re-
suspended in 10 ml PBS.  Subsequently, 0.1 ml of resulting cell suspension was 
transferred onto a 5 x 5 cm piece of meat to achieve a targeted inoculum level of 6 log 
CFU/cm2.  A second piece of meat was placed on top of the inoculated piece (exterior 
surface to exterior surface in the case of chicken skin and skin-on pork belly) and pieces 
were gently rubbed together for 30 s to spread the inoculum.  Samples were separated and 
allowed to air dry at room temperature for 20 min.  Four samples per treatment per meat 
system were prepared with another four inoculated samples which were included in each 
experiment as controls. 
 
Decontamination 
Four inoculated meat samples were placed onto stainless steel trays with 
inoculated side up.  Trays were placed into stainless steel washing apparatus (Chad, 
Olathe, KS; Appendix A) and sprayed with water, 2% acetic acid, 2% lactic acid, or 2% 
levulinic acid (20 s, 20 psi, 55.4ºC).  After washing, trays were removed from the wash 
apparatus and samples were allowed to air dry at room temperature for 20 min.  Each air-
dried sample was placed into a 20.32 x 30.48 cm vacuum bag (water vapor transmission 
rate = 2.8 g/m2/24 h; oxygen permeability = 50cm3/m2/24h/bar, Machine Runner, New 
York, NY) using a flame-sterilized stainless steel spatula and vacuum-packaged using a 
Minipack FASTVAC vacuum sealer (Machine Runner, New York City, NY).  Samples 
were then held for 24 h at 4ºC prior to recovery and enumeration.  Sterile PBS (100 ml) 
was added to each sample bag, and the contents were homogenized in a stomacher 
(Seward 400, Seward Medical Limited, London, UK) for 30 s at a medium speed (230 
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rpm).  Homogenates were serially diluted with sterile PBS and spread plated (0.1 ml) in 
duplicate on selective agar.  RAPID'L.Mono (Bio-Rad Laboratories, Richmond, CA, 
U.S.A.) was used for recovery of Listeria monocytogenes, BBL Chromagar O157 
(Beckton, Dickinson and Company, Sparks, MD) for E. coli O157:H7, and SS Agar 
(Beckton, Dickinson and Company) for Salmonella spp.  The plates were incubated 
aerobically at 37°C for 48 h, and colonies were counted to calculate the total CFU on 
each product.  Two independent replications of each experiment were performed.   
Samples for high-temperature (Objective II) experiments were inoculated as 
previously described and washed with water or 0.5%, 1%, or 2% levulinic acid at 55.4, 
68.3, and 76.7ºC.  Pathogen counts were obtained as previously described.   
 
Residual Effects 
Meat samples were placed onto stainless steel trays then sprayed with water or 
organic acid solutions in the wash apparatus as described above.  After spraying, the 
samples were allowed to dry at room temperature for 20 min and subsequently inoculated 
with 0.1ml of pathogen cocktails diluted in sterile PBS to yield a desired concentration of 
4 log CFU/cm2.  Samples were dried and vacuum packaged as described for 
decontamination studies.  Samples for Listeria monocycogenes were incubated at 4ºC for 
16 weeks and samples inoculated with cocktails of E. coli or Salmonella were incubated 
at 8ºC (to simulate temperature abuse) for 8 weeks.  Cells were enumerated as described 
for decontamination trials.   
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Sensory Analysis 
Open consumer taste panels were held to gather information on overall liking of 
(uninoculated) turkey roll and ground beef patties using a hedonic scale from 1 to 9 
(1=strongly disliked, 5=neither like nor dislike and 9=strongly like).  The SIMS2000 
software program (Sensory Computer Systems, Morristown, NJ) was used to generate 
random three-digit numbers for sample labeling, to compile a rotation plan, and to 
administer the questionnaire to panelists (see Appendix B for details).  Panelists were 
asked their age, gender, general liking of turkey slices or ground beef patties, and 
frequency of consumption for similar products.  General liking was rated on a scale from 
1 to 5 (1=dislike very much and 5=like very much), and frequency of consumption from 
1 to 5 (1= less than once a month and 5=more than once a week).  Panelists were also 
given the opportunity to provide written comments on each of the samples. 
Turkey roll was prepared and sliced one day prior to consumer panel as 
previously described.  Slices were held at 4oC until two hours before the taste panel, then 
sprayed with 1 ml distilled water (sample 1), 2% acetic acid (sample 2), 2% lactic acid 
(sample 3), or 2% levulinic acid (sample 4) using all-purpose spray bottles (Arrow 
Plastics, Elk Grove, IL) and then stored at 4ºC.  Immediately before the taste panel, the 
samples were cut into fourths then rolled up croissant-style and skewered with a 
toothpick to hold them in place. 
Ground beef samples were prepared from 3.6 kg batches of beef trim (85% lean) 
one day prior to panels.  Trim was sprayed with distilled water, 2% acetic acid, 2% lactic 
acid, or 2% levulinic acid (4ml wash per 0.5kg of trim) using all-purpose spray bottles, 
then ground through a 0.32 cm head using a four-blade knife and formed into 0.1 kg 
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patties.  Patties were stored overnight at 4ºC then grilled to an internal temperature of 
65ºC and cut into fourths immediately prior to serving.   
Panel members were recruited by posting signs on campus.  Each panelist 
received four samples, each consisting of one-quarter portions of slices or patties that 
were coded with random numbers and served in random order.  Rinse water was 
provided, and samples were evaluated in individual booths under white fluorescent lights.  
Panelists were asked to evaluate samples based on overall degree of liking. 
 
Colorimetric Analysis of Turkey and Beef 
Turkey roll was prepared and sliced as previously described.  Samples for 
colorimetric analysis were prepared by stacking five slices onto a white Styrofoam tray to 
yield a total sample thickness of 1 cm.  Before stacking, quadruplicate slices were 
sprayed with distilled water, 2% acetic acid, 2% lactic acid, or 2% levulinic acid as 
described for sensory tests.  Four untreated samples were also prepared as a control.  
Samples were over-wrapped with PVC film (Carpenter Paper Co., Salt Lake City, UT) 
and kept for seven days at 4ºC.  Colorimetric analysis was performed each day using 
Hunterlab Miniscan (Hunter Associates Laboratory, Reston, VA). 
Turkey slices were analyzed for lightness and hue angle values.  Hue angle was 
calculated from a* and b* values given by Hunterlab Miniscan using the equation: 
Hue angle Hab=tan-1 b*/a* (Minolta, 1994) 
Ground beef patties were prepared and treated as described for sensory tests, 
along with four untreated patties as a control.  Color of patties was analyzed as indicated 
for turkey roll. 
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Statistical Analysis 
Microbiological counts and colorimetric results were analyzed by ANOVA using 
the Mixed Procedure of SAS version 9.1 (SAS Inst. Inc, Cary, NC).  Analysis of variance 
(ANOVA) was used to identify significant differences at a 95% confidence level.  
Sensory evaluation data was analyzed by ANOVA using SIMS2000 software.  Means 
comparisons were performed using the Tukey–Kramer adjustment to obtain differences 
of least squares means with α= 0.05. 
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RESULTS 
 
 
Decontamination 
Pooled Decontamination Data for All Meat Systems 
Pooling of data from all model systems showed no significant differences 
between all water-treated samples and control. Although all acid wash treatments were 
significantly different from control, the level of reduction was less than one log except 
for lactic acid.  Only the lactic acid treatment was significantly different from water 
treatment, but again the effect was minimal (Table 2).  Analysis of variance for individual 
and pooled decontamination data can be found in Appendix C. 
 
 
Table 2 
Pathogen levels recovered from treatments for all model systems.  Means with same 
superscript letter are not significantly different (P>0.05). 
Treatment Mean Log CFU/cm2 
Log Reduction 
(Treatment vs. Control) 
Log Reduction  
(Acid vs. Water) 
No wash 5.86 a NA NA 
Water 5.38ab --- NA 
Acetic 5.25bc 0.61 --- 
Lactic 4.81c 1.05 0.57 
Levulinic 5.02bc 0.84 --- 
 
 
Turkey Roll 
Wash treatment with water, 2% acetic acid, or 2% levulinic acid washes did not 
lower L. monocytogenes on turkey roll as compared to the no wash control, which yielded 
6 log units CFU/cm2 (Table 3).  However, 2% lactic acid treatment did reduce the 
pathogen relative to control, but provided less than one log reduction.  Moreover, none of 
the acid wash treatments differed significantly from the water wash treatment.   
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Table 3 
Numbers of Listeria monocytogenes recovered from turkey roll slices.  Means sharing 
same superscript letter are not significantly different (P>0.05). 
Treatment Mean Log  CFU/cm2 
Log Reduction1  
(Treatment vs. Control) 
Log Reduction  
(Acid vs. Water) 
No wash 6.14a NA NA 
Water 5.88ab --- NA 
Acetic 6.26a --- --- 
Lactic 5.56b 0.58 --- 
Levulinic 5.86ab --- --- 
1NA, not applicable; empty cells indicate no statistically discernible difference 
 
 
Beef Plate 
Wash treatments for decontamination of E. coli O157:H7 from beef plate did not 
reduce bacterial numbers compared to control samples, which yielded an average of 5.85 
log units CFU/cm2 (Table 4).   
 
 
Table 4 
Numbers of Escherichia coli O157:H7 recovered from beef plate.  Means sharing same 
superscript letter are not significantly different (P>0.05). 
Treatment Mean Log CFU/cm2 
Log Reduction 
(Treatment vs. Control) 
Log Reduction  
(Acid vs. Water) 
No wash 5.85a NA NA 
Water 5.34a --- NA 
Acetic 5.17a --- --- 
Lactic 4.79a --- --- 
Levulinic 4.97a --- --- 
 
 
Skin-on Pork Belly and Chicken Skin 
Water wash treatment did not lead to decontamination of Salmonella from skin-on 
pork belly or chicken skin showed no significant reduction due to water-wash.  All acid 
wash treatments resulted in significant reductions of Salmonella CFU/cm2 when 
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compared with untreated control, but, with the exception of lactic acid wash on chicken 
skin, reductions were not significantly different from water treatment (Table 5).   
 
 
Table 5 
Numbers of Salmonella spp. recovered from skin-on pork belly and chicken skin.  Means 
sharing the same superscript letter within a meat system are not significantly different 
(P>0.05). 
Meat 
System 
Wash 
Treatment 
Mean Log CFU/cm2 
 
Log Reduction 
(Treatment vs. Control) 
Log Reduction 
(Acid vs. Water) 
No wash 5.49a --- --- 
Water 4.74ab --- --- 
Acetic 4.68b 0.81 --- 
Lactic 4.14b 1.35 --- 
Pork 
Belly 
Levulinic 4.47b 1.02 --- 
No wash 5.96a --- --- 
Water 5.55ab --- --- 
Acetic 4.88bc 1.08 --- 
Lactic 4.69c 1.27 0.86 
Chicken 
Skin 
Levulinic 4.76bc 1.20 --- 
 
 
Beef Plate, Varying Temperature and Levulinic  
Acid Concentration 
Experiments testing the efficacy of varying concentrations of levulinic acid at 
increasing temperatures showed no significant reduction in bacterial concentrations as 
compared to control, which yielded 5.45 log units CFU/cm2.  At 76.7ºC, however, 2% 
levulinic acid treatment was significantly different from water wash, achieving slightly 
more than 1 log reduction (Table 6).  Analysis of variance data for microbial analysis of 
beef plate can be found in Appendix C. 
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Table 6 
Effect of levulinic acid wash treatments at 55.4, 68.3, or 76.7ºC on decontamination of 
Escherichia. coli O157:H7 on beef plate.  Values with same superscript letter are not 
significantly different (P>0.05). 
Treatment 
Mean Log 
CFU/cm2 
Log Reduction  
(Treated vs. Untreated) 
Log Reduction 
(Acid vs. Water) Temperature 
ºC No wash 5.45a NA NA 
Water 5.14ab -- NA 
0.5% Levulinic 5.32ab -- -- 
1.0% Levulinic 5.32ab -- -- 
55.4  
2.0% Levulinic 5.38ab -- -- 
Water 5.35ab -- NA 
0.5% Levulinic 5.23ab -- -- 
1.0% Levulinic 5.21ab -- -- 
68.3  
2.0% Levulinic 5.34ab -- -- 
Water 6.37ab -- NA 
0.5% Levulinic 6.06ab -- --- 
1.0% Levulinic 5.89ab -- --- 
76.7  
2.0% Levulinic 5.03ac -- 1.34 
 
 
Residual Effects 
Turkey Roll 
ANOVA tests for main effects from experiments to determine the residual effects 
of wash treatments on the growth of L. monocytogenes on sliced turkey roll showed wash 
treatment was significant at a 90% confidence level (P=0.07).  Control and water-treated 
samples supported growth of L. monocytogenes to more than 7 log CFU/cm2 by 2 weeks 
of storage, whereas organic acid treatments produced varying levels of inhibition.  Lactic 
and levulinic acid-washed samples still supported pathogen growth, while acetic acid 
suppressed growth for the full 16 weeks of the study (Figure 1).   
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Fig. 1.  Influence of wash treatment on the numbers of Listeria monocytogenes recovered 
from sliced turkey roll over 16 weeks of storage at 4ºC.  Figures illustrating data from 
individual replicates can be found in Appendix D.  Error bars represent + SEM. 
 
 
Beef Plate 
Control and water-treated samples supported the growth of E. coli O157:H7 to 
greater than 6 log units CFU/cm2 in 2 and 4 weeks, respectively (Figure 2).  Lactic and 
levulinic acid treatments also supported growth, albeit to a lesser extent than water- and 
control-treated samples for weeks 2 and 4.  ANOVA tests for main effects showed wash 
treatments were not significantly different, but pairwise comparisons of interactions 
showed acetic acid to be significantly different from control at week 4 (P= 0.0436), from 
water wash at weeks 4 and 6 (P= 0.0414 and 0.0441, respectively), and from lactic acid 
wash at week 8 (P= 0.042) (Figure 2).   
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Fig. 2.  Influence of wash treatment on the numbers of Escherichia coli O157:H7 
recovered from beef plate over 8 weeks of storage at 8oC.  Figures illustrating data from 
individual replicates can be found in Appendix D.  Error bars represent + SEM. 
 
 
Chicken Skin 
Control and water-treated samples supported significant growth of Salmonella, 
reaching 6.71 log units CFU/cm2 after 2 weeks of storage (Figure 3).  ANOVA tests for 
main effects showed treatment to be significant (P=0.0057).  Lactic and levulinic acid 
samples did not differ from water and control, reaching a maximum of 5.1 log units 
CFU/cm2 by week 6.  Acetic acid treatment differed significantly from lactic acid 
(P=0.0419), water (P=0.0067), and control (P=0.007), reducing Salmonella to below 
recoverable levels for weeks 2, 4, and 8 (Figure 3). 
 
Pork Belly 
Control samples and all treatments supported growth of Salmonella.  By week 4, 
control samples reached nearly 7.5 log units CFU/cm2 (Figure 4).  Water- and acid-
treated samples allowed Salmonella growth to a slightly lesser degree than did control, 
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Fig. 3.  Influence of wash treatment on the numbers of Salmonella spp. recovered from 
chicken skin over 8 weeks of storage at 8oC.  Figures illustrating data from individual 
replicates can be found in Appendix D.  Error bars represent + SEM 
 
 
with levulinic acid treatment resulting in the lowest overall growth and inhibiting growth 
from weeks 2 to week 6.  ANOVA tests for main effects showed no significant difference 
between wash treatments and control (P=0.154).  Analysis of variance tables for residual 
effects of wash treatments for all meat systems can be found in Appendix C.   
 
Sensory Analysis 
 One hundred and nine consumers participated in the sensory panel for turkey roll, 
and 120 in the ground beef patty panel.  Of those who participated in the turkey panel, 59 
were male and 50 were female.  Nearly half of turkey panel participants fell into the 18-
25 age group and one fourth in the 26-35 age group.  The ground beef patty panel was 
composed of 66 males and 54 females, with the majority being in the 18-25 age group.  
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Fig. 4.  Influence of wash treatment on the numbers of Salmonella spp. recovered from 
skin-on pork belly over 8 weeks of storage at 8oC.  Figures illustrating data from 
individual replicates can be found in Appendix D.  Error bars represent + SEM. 
 
 
Members of the turkey roll panel reported moderately liking turkey roll (mean = 
4.31) and consumed it at least once a month (mean = 2.61).  The members of the ground 
beef patty sensory panel noted that they moderately liked ground beef patties (mean = 
4.60) and consumed it about two to three times per month (mean = 2.97).  There was no 
significant difference in the overall liking of the turkey roll or the ground beef patties 
(Table 7).   
 
 
Table 7 
Mean sensory scores for turkey and ground beef patty samples.  Means in the same row 
with the same superscript letter are not significantly different (P>0.05). 
Sample Type Water 2% Acetic acid 2% Lactic Acid 2% Levulinic acid 
Turkey  6.25a 6.20a   6.58a 6.55a  
Ground Beef Patty  6.34a 6.05a 6.07a  6.19a 
 
 
3 
4 
5 
6 
7 
8 
0 2 4 6 8 
L
og
 C
FU
/c
m
2 
Untreated 
Water 
Acetic 
Lactic 
Levulinic 
Time (wk) 
29 
 
 
Colorimetric Analysis 
Turkey 
Water, 2% acetic acid, and 2% lactic acid samples were significantly lighter than 
control samples, and 2% levulinic acid samples were significantly lighter than all other 
samples (Table 8).  
 
 
Table 8 
Lightness and hue angle of sliced turkey roll over 7 days at 4ºC.  Means sharing a 
superscript letter are not significantly different (P>0.05).   
Treatment 1 2 3 4 5 6 7 Mean SEM 
Untreated 66.2 68.1 68.1 66.0 66.7 72.5 66.9 67.8a 0.9 
Water 67.5 68.8 69.4 67.7 68.8 74.9 67.6 69.2b 1.0 
Acetic 68.2 69.6 69.2 67.7 67.9 73.5 66.8 69.0b 0.8 
Lactic 68.6 68.3 68.9 67.8 67.1 74.2 66.6 68.8b 1.0 
 
 
Lightness 
Levulinic 68.9 70.0 70.2 68.7 69.1 76.0 68.5 70.2c 1.0 
Untreated -68.4 -64.1 -65.5 -59.6 -57.7 -60.1 -56.8 -61.7y 1.6 
Water -69.2 -64.5 -63.1 -62.3 -62.2 -64.9 -61.2 -63.9y 1.0 
Acetic -63.6 -59.1 -58.8 -60.0 -56.5 -55.3 -53.5 -58.1x 1.3 
Lactic -68.1 -64.7 -62.3 -64.6 -61.6 -62.0 -63.8 -63.9y 0.9 
 
Hue 
Angle 
Levulinic -68.3 -61.8 -63.6 -61.8 -61.0 -59.0 -55.0 -61.5xy 1.5 
 
 
Beef 
Water wash did not significantly affect beef lightness, but all acid treatments 
increased ground beef lightness compared to control.  All wash treatments significantly 
increased beef hue angle as compared to control (Table 9).   
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Table 9 
Lightness and hue angle of ground beef patty samples over 7 days at 4ºC.  Means sharing 
a superscript letter are not significantly different (P>0.05).   
Treatment 1 2 3 4 5 6 7 Mean SEM 
Untreated 38.6 25.9 31.2 39.9 40.0 36.2 40.8 36.1c 2.1 
Water 36.2 24.3 32.8 42.4 41.1 33.8 42.4 36.2c 2.5 
Acetic 41.0 28.8 35.3 45.7 43.4 39.3 42.3 39.4b 2.2 
Lactic 40.8 32.0 39.7 43.7 46.8 41.9 45.3 41.4a 1.8 
 
 
Lightness 
Levulinic 39.4 26.3 32.4 42.5 38.4 38.4 42.4 37.1ab 2.2 
Untreated 44.9 42.9 44.0 46.5 48.2 49.9 51.5 47.8z 1.2 
Water 44.8 43.2 46.1 49.5 51.7 52.6 54.9 49.0xy 1.6 
Acetic 45.6 44.3 46.1 49.7 51.1 52.9 51.5 48.7y 1.3 
Lactic 47.0 46.3 48.5 49.7 52.2 53.4 52.8 50.0x 1.1 
 
Hue 
Angle 
Levulinic 47.5 43.6 45.4 49.8 52.9 54.1 52.2 49.3xy 1.5 
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DISCUSSION 
 
 
Decontamination 
The purpose of this study was to investigate the effectiveness of levulinic acid as 
an antimicrobial intervention for the meat industry by comparing washing with 2% 
levulinic acid to water, 2% lactic acid, and 2% acetic acid over four meat systems with 
three foodborne pathogens.  Cutter and Siragusa (1993) deemed reductions ranging from 
1 to 2 log CFU/cm2 to be insufficient as the sole means for improving the overall 
microbiological safety of meats.  Based on this determination, the application of 2% 
organic acids in this study was not observed to be effective for meat surface 
decontamination.  For the turkey, beef, and pork model systems used in this study, acid 
washes removed less than 2.0 log CFU/cm2, and similar reductions were obtained using 
only water (Tables 3-5).  Only lactic acid wash achieved a greater reduction than water in 
the chicken skin model and pooled model systems, but the overall efficacy was minimal; 
Salmonella numbers were reduced less than one log CFU/cm2 more than was achieved by 
water wash and less than 2.0 log CFU/cm2 overall.   
Powell (2009) stresses the importance of statistical power in testing the effects of 
growth challenge studies.  Among the factors that increase power are sample size and the 
use of a model system that favors microbial growth.  This study included the use of not 
only a large sample size (n=4 per treatment, 20 per sampling time), but also of model 
systems that highly favored pathogen growth.  The power of this study was confirmed by 
the fact that significant differences were detected, but results ultimately showed washing 
with 2% acids was no more effective for decontamination of pathogens from meat 
surfaces than with water. 
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The efficacy of organic acid washes for pathogen reduction on meat surfaces has 
been extensively explored, and numerous studies have reported approximately 3 log 
reductions due to organic acid application.  King et al. (2005) reported a 2.7 log reduction 
in E. coli O157:H7 and a 3.4 log reduction in Salmonella on beef carcass tissue resulting 
from a 4% lactic acid spray at 55ºC for 15 s using a hand-pump sprayer.  Castillo et al. 
(2001) reported pre-chill reductions of 5.2 log CFU for E. coli O157:H7 and Salmonella 
Typhimurium resulting from a water wash followed by 2% lactic acid wash for 15 s at 
55ºC (compared to 3.3 and 3.4 log reductions from water wash alone), and additional 
reductions of 2.0 to 2.4 and 1.6 to 1.9 log cfu for E. coli O157:H7 and Salmonella, 
respectively, resulting from a post-chill 30 s spray of 4% lactic acid.   
In contrast, Over et al. (2009) reported organic acid treatments were ineffective 
for removal of L. monocytogenes.  Yuk et al. (2006) also reported no reduction of E. coli 
O157:H7 due to acid wash, as did Brackett et al. (1994).  Bolton et al. (2002) reported 
that organic acids achieve minimal and statistically non-significant reductions in E. coli 
O157:H7 numbers.   
The differences among the findings of these studies appear largely attributable to 
concentration of acid treatments, contact time, and application temperature.  In general, 
higher concentrations, longer contact times, and higher temperatures appeared to reduce 
pathogens more effectively.  For example, Tamblyn and Conner (1997) reported very 
little to no reduction in Salmonella numbers on broiler skin for samples dipped in 1% 
acetic or lactic acid at 23ºC for 15 s (0.01 and 0.27 log CFU, respectively), low to 
moderate reductions for samples dipped for 60 min at 0ºC (0.76 and 1.2 log CFU, 
33 
 
 
respectively), but higher reductions were noted for samples dipped for 2 min at 50ºC 
(2.24 and 3.88 log CFU, respectively). 
Additionally, the lack of significant decontamination of E. coli O157:H7 and 
lesser extent of decontamination of L. monocytogenes observed in this study may be due 
to the greater acid resistance of these organisms compared to that of Salmonella (Berry & 
Cutter, 2000; Smulders & Greer, 1998).  
Only lactic acid wash reduced pathogen numbers on meat surfaces compared to 
water wash, suggesting that the immediate bactericidal effects of organic acid wash on 
meat surfaces might be attributed to the lower pH of lactic acid vs. that of the other acid 
treatments (Gonzalez-Fandos & Dominguez, 2006).   
Decontamination of E. coli O157:H7 was not observed with varying 
concentrations or temperatures of levulinic acid.  This finding differed from reported 
increases in efficacy of organic acids with increasing temperature (Virto et al., 2006) 
though this may be attributable to the inherent acid resistance of the organism (Stopforth, 
Samelis, Sofos, Kendall, & Smith, 2003). 
 
Residual Effects 
While found not to be effective in decontamination studies, acetic acid wash did 
prevent growth of L. monocytogenes on sliced turkey roll over 16 weeks at 4ºC.  This 
finding is in agreement with previous studies in which organic acids were found to 
increase lag phase in L. monocytogenes (Barakat & Harris, 1999).  Additionally, acids 
with higher pKa values are reported to be more effective than those with a lower pKa in a 
low-acid environment, such as is found in most meat products (Podolak et al., 1996).  
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For the beef model, acetic acid wash prevented E. coli O157:H7 growth over 8 
weeks.  Two-way interactions showed significant inhibition at weeks 4, 6, and 8.  Acetic 
acid was also effective for controlling Salmonella in the chicken skin model, not only 
preventing growth but also reducing detectable levels almost to zero.  It is possible that 
the high levels of fat in the chicken skin contributed to the ability of acetic acid to inhibit 
bacterial growth (Hu & Shelef, 1996).  No wash treatments were found to effectively 
inhibit pathogen growth in the pork belly model. 
The temperature at which the meat samples were stored immediately following 
treatment may also influence the efficacy of the acid treatments.  Storage at refrigerated 
temperatures has been found to enhance acid resistance, as less energy is spent on 
metabolic processes and is therefore available for stress resistance, allowing damaged 
cells to recover.  At higher storage temperatures, metabolic processes demand more 
energy, reducing the cell’s ability to cope with stresses (Stopforth et al., 2003, 2007).  
Post-wash storage at 4ºC may have thus contributed to pathogen survival.   
The USDA Food Safety and Inspection Service has not mandated a specific level 
of lethality for beef carcass intervention treatments.  Rather, it is expected that the 
interventions will result in meat that is free from detectable pathogens (Algino, Ingham, 
& Zhu, 2007).  Therefore, given the demonstrated ineffectiveness of 2% organic acid 
washes, it would be prudent for processors to validate their interventions in order to 
ensure the effective removal of pathogens.   
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Sensory Evaluation and Colorimetric Analysis 
While acid treatment did not significantly affect overall liking, many consumers 
commented on finding the control samples to be bland and acid-washed samples to be 
juicier than control.  Organic acid additives have been reported to have positive effects on 
flavor, tenderness, and juiciness of meat products (Eckert, Maca, Miller, & Acuff, 1997; 
Vote et al., 2000); however, such attributes were not measured in this study.  
Color attributes of lightness and hue angle were determined for sliced turkey roll 
and ground beef patties over a 7-day period.  A spike in turkey roll lightness occurring on 
day six was likely due to calibration error, but did not affect overall lightness values per 
treatment.  With the exception of the day six spike, sample lightness remained constant 
per treatment, and hue angle of each treatment group remained constant over the test 
period.  While wash treatments affected instrumentally determined color of turkey roll 
and ground beef patty samples, no visually discernible effects were observed.   
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CONCLUSION 
 
 
Pooled decontamination data showed lactic acid imparted a greater surface 
decontamination than water, but this effect was minimal, as the treatment reduced 
pathogens only 1 log CFU/cm2.  However, based on individual model systems, a 2% acid 
wash alone did not provide any significantly greater reduction in pathogen load than did a 
wash with hot water.  Consequently, 2% organic acid washes are unlikely to result in an 
effective reduction of pathogen loads from meat tissue.  Residual effects tests showed 
acetic acid inhibited pathogen growth on beef plate and chicken skin, but it did not 
completely eliminate the organisms.   
The findings of this study do not support the use of levulinic acid for meat surface 
decontamination.  In addition, these findings suggest that the reliance on organic acid 
rinses to control pathogens in the meat industry should be re-evaluated.  Greater 
concentrations of organic acids, increased wash time, and successive applications along a 
process flow may result in a greater pathogen reduction, but as more resistant organisms 
emerge, other control measures will need to be implemented.  Most importantly, internal 
studies should be conducted at a plant level to validate the efficacy of any individual 
process. 
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Appendix A 
 
 
CHAD Spray Apparatus 
 
 
 
Fig. A1.  Diagram of spray apparatus provided by CHAD Company. 
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Fig. A2.  Instructions for use of CHAD spray apparatus. 
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Appendix B 
 
 
Sensory Analysis Ballots and Rotation Plans 
 
 
Welcome to the Sensory Evaluation Laboratory! 
Please click on the hand above to proceed. 
Before you start tasting the samples, please take a few minutes to answer the  
following questions about yourself.  Please check the appropriate boxes. 
1.) What is your GENDER?  
Male Female 
    
2.) What is your AGE? 
18-25 26-35 36-45 46-55 56-65 over 65 
            
 3.) In general, how do you rate your liking of the meat product being tested 
today (either turkey slices or ground beef patties)? 
Dislike Very 
Much 
Moderately 
Dislike 
Neither Like 
nor Dislike 
Moderately 
Like 
Like Very 
Much 
          
3.) In general, how often do you consume the product being tested today? 
Less Than 
Once a 
Month 
About Once 
a Month 
2-3 Times a 
Month 
Once a 
Week 
More Than 
Once a 
Week 
          
Thank you!  We are now ready to begin the test. 
 
 
Fig. B1.  Sample taste panel ballot: demographics section.  Used for both turkey roll 
panel and ground beef patty panel. 
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Read Instructions Carefully Before Starting 
Today you will be sampling five meat samples. 
Please taste each sample in the order you are prompted.  Please match the number on the 
computer screen prompt to the sample number on the ballot.  
As you sample each piece of meat, please score it according to your overall liking of the 
sample.  Please score each sample according to the following scale and mark your choice 
in the corresponding box.  
REMEMBER to rinse your mouth between samples! 
  9 = Like extremely 
  8 = Like very much 
  7 = Like moderately 
  6 = Like slightly 
  5 = Neither like nor dislike 
  4 = Dislike slightly 
  3 = Dislike moderately 
  2 = Dislike very much 
  1 = Dislike extremely 
 
  Score based on overall liking 
Sample# 1 2 3 4 5 6 7 8 9 
                    
                    
                    
                    
                    
 
COMMENTS:  
 
Once you have completed scoring each sample please lift the door to receive your free 
Aggie Ice Cream coupon.  Thank you for participating! 
 
 
Fig. B2.  Sample taste panel ballot: sampling and scoring section. Used for both turkey 
roll panel and ground beef patty panel. 
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Table B1 
Rotation plan for turkey roll sensory analysis.  Sample numbers: 1=Control, 2=2% Acetic 
acid, 3=2% Lactic acid, 4= Levuinic acid.  
Sample Set Sample Order (Sample#/Sample Code) 
1 1-168 4-637 3-294 2-879 
2 2-724 3-518 1-473 4-194 
3 4-854 1-459 2-529 3-214 
4 3-943 2-261 4-712 1-546 
5 3-358 1-457 4-569 2-237 
6 2-487 4-538 3-238 1-835 
7 1-532 3-273 2-379 4-875 
8 4-573 2-432 1-814 3-638 
9 2-974 4-821 3-196 1-372 
10 1-174 3-965 2-572 4-496 
11 4-586 2-468 1-241 3-746 
12 3-283 1-164 4-952 2-652 
13 3-541 1-923 4-756 2-142 
14 2-263 4-843 3-521 1-629 
15 1-758 3-812 2-947 4-612 
16 4-138 2-491 1-285 3-368 
17 4-312 1-248 2-165 3-892 
18 3-251 2-783 4-941 1-425 
19 1-467 4-692 3-793 2-374 
20 2-731 3-347 1-296 4-865 
21 3-824 2-513 1-726 4-451 
22 4-318 1-154 3-257 2-478 
23 2-523 3-193 4-431 1-796 
24 1-286 4-852 2-384 3-549 
25 4-831 3-428 2-315 1-975 
26 1-759 2-396 4-158 3-268 
27 3-832 4-354 1-751 2-435 
28 2-349 1-246 3-645 4-486 
29 2-413 3-235 4-671 1-386 
30 1-365 4-691 2-956 3-723 
31 3-345 2-815 1-927 4-169 
32 4-427 1-973 3-781 2-592 
33 2-531 3-376 1-983 4-452 
34 4-416 1-984 2-167 3-745 
35 3-682 2-825 4-419 1-937 
36 1-853 4-281 3-938 2-394 
37 3-245 4-719 1-125 2-359 
38 2-846 1-136 3-537 4-659 
39 4-962 3-321 2-216 1-798 
40 1-462 2-769 4-146 3-234 
41 4-596 2-794 3-378 1-951 
42 1-948 3-147 4-287 2-346 
43 2-391 4-524 1-213 3-137 
44 3-916 1-527 2-867 4-729 
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Table B1 (continued) 
Sample Set Sample Order (Sample#/Sample Code) 
45 3-279 4-914 2-185 1-594 
46 1-271 2-637 3-417 4-132 
47 4-436 3-897 1-681 2-183 
48 2-931 1-827 4-493 3-583 
49 2-876 1-657 3-765 4-547 
50 4-253 3-849 2-792 1-395 
51 1-218 2-964 4-841 3-192 
52 3-614 4-351 1-764 2-162 
53 3-789 4-837 2-648 1-135 
54 1-265 2-139 3-839 4-958 
55 4-567 3-864 1-469 2-269 
56 2-152 1-512 4-972 3-635 
57 1-341 3-463 4-716 2-516 
58 2-418 4-317 1-619 3-526 
59 3-593 1-264 2-498 4-123 
60 4-134 2-356 3-689 1-298 
61 4-653 1-851 3-915 2-325 
62 2-429 3-571 4-893 1-275 
63 1-231 4-924 2-725 3-149 
64 3-398 2-453 1-129 4-857 
65 4-367 1-894 2-475 3-732 
66 3-874 2-127 4-517 1-795 
67 1-362 4-598 3-928 2-625 
68 2-819 3-157 1-254 4-542 
69 1-971 2-694 4-389 3-584 
70 3-342 4-172 1-718 2-987 
71 2-247 1-687 3-578 4-173 
72 4-761 3-482 2-693 1-189 
73 1-437 3-763 4-564 2-195 
74 2-673 4-126 1-243 3-483 
75 3-471 1-316 2-683 4-953 
76 4-617 2-258 3-752 1-568 
77 4-768 1-579 2-485 3-934 
78 3-426 2-256 4-175 1-739 
79 1-639 4-184 3-219 2-829 
80 2-548 3-461 1-847 4-624 
81 4-816 2-148 1-239 3-742 
82 3-946 1-458 4-613 2-293 
83 2-679 4-817 3-784 1-481 
84 1-967 3-415 2-562 4-124 
85 3-327 2-658 1-762 4-267 
86 4-385 1-489 3-871 2-926 
87 2-159 3-873 4-743 1-472 
88 1-714 4-536 2-985 3-412 
89 1-627 4-734 2-918 3-861 
90 3-678 2-735 1-587 4-278 
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Table B1 (continued) 
Sample Set Sample Order (Sample#/Sample Code) 
91 4-289 1-785 3-859 2-534 
92 2-895 3-328 4-786 1-274 
93 2-561 1-748 3-913 4-397 
94 4-438 3-361 2-178 1-685 
95 1-217 2-632 4-896 3-954 
96 3-153 4-329 1-856 2-634 
97 2-721 3-519 1-618 4-862 
98 4-753 1-369 2-495 3-215 
99 3-186 2-957 4-643 1-741 
100 1-872 4-291 3-976 2-623 
101 2-589 4-621 1-314 3-297 
102 3-649 1-198 2-387 4-968 
103 4-836 2-728 3-423 1-641 
104 1-631 3-259 4-326 2-145 
105 3-392 2-179 4-936 1-647 
106 1-357 4-675 3-187 2-826 
107 2-439 3-749 1-845 4-628 
108 4-912 1-695 2-842 3-715 
109 3-284 2-514 1-421 4-921 
110 4-674 1-574 3-381 2-863 
111 2-182 3-615 4-382 1-736 
112 1-651 4-738 2-591 3-128 
113 1-324 3-684 4-576 2-982 
114 2-582 4-981 1-672 3-813 
115 3-197 1-891 2-276 4-348 
116 4-834 2-364 3-978 1-176 
117 3-249 2-961 4-754 1-456 
118 1-791 4-935 3-823 2-492 
119 2-294 3-319 1-465 4-156 
120 4-654 1-986 2-371 3-563 
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Table B2 
Rotation plan for ground beef patty sensory analysis.  Sample numbers: 1=Control, 2=2% 
Acetic acid, 3=2% Lactic acid, 4= Levuinic acid.  
Sample Set Sample Order (Sample#/Sample Code) 
1 2-456 3-865 4-659 1-968 
2 2-352 3-439 4-271 1-971 
3 3-915 2-435 1-753 4-527 
4 3-984 4-586 2-479 1-752 
5 4-542 1-728 3-417 2-967 
6 1-721 3-497 2-825 4-196 
7 1-925 3-692 4-267 2-783 
8 4-638 2-523 1-763 3-428 
9 3-572 1-321 4-138 2-836 
10 1-852 4-792 3-387 2-143 
11 4-183 1-584 2-325 3-463 
12 2-296 3-839 1-123 4-635 
13 1-297 2-362 3-546 4-625 
14 2-629 3-938 4-746 1-136 
15 2-923 4-857 1-495 3-634 
16 2-981 4-392 3-473 1-874 
17 4-637 3-972 2-879 1-536 
18 3-158 4-312 1-951 2-654 
19 2-467 4-597 3-124 1-926 
20 2-284 3-678 4-596 1-895 
21 4-986 2-286 1-589 3-192 
22 1-581 2-239 4-948 3-182 
23 1-957 4-431 2-238 3-537 
24 4-819 1-374 3-983 2-263 
25 1-827 2-241 3-364 4-673 
26 4-563 3-768 2-946 1-817 
27 2-567 3-278 4-681 1-487 
28 1-916 4-176 2-423 3-853 
29 4-782 2-129 3-246 1-685 
30 4-892 1-614 3-125 2-315 
31 3-195 1-279 2-492 4-824 
32 4-478 2-769 1-648 3-594 
33 3-169 1-485 4-913 2-738 
34 3-159 2-652 4-359 1-496 
35 4-815 1-268 3-465 2-519 
36 4-371 3-276 2-578 1-832 
37 3-684 1-432 2-978 4-521 
38 1-651 4-761 3-549 2-814 
39 1-583 2-956 3-671 4-349 
40 4-326 2-784 1-897 3-952 
41 1-269 2-154 4-382 3-976 
42 3-942 2-617 1-745 4-457 
43 1-682 2-859 3-928 4-394 
44 1-539 2-748 3-453 4-347 
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Table B2 (continued) 
Sample Set Sample Order (Sample#/Sample Code) 
45 4-697 1-574 3-736 2-317 
46 4-153 2-873 1-679 3-486 
47 3-724 1-937 4-413 2-849 
48 3-974 1-172 2-386 4-826 
49 1-829 2-396 4-249 3-964 
50 3-834 1-789 2-156 4-468 
51 1-987 3-378 4-742 2-861 
52 2-341 3-623 1-476 4-739 
53 2-935 3-365 1-756 4-294 
54 1-941 2-198 4-759 3-236 
55 3-163 1-931 2-458 4-847 
56 4-142 1-963 2-869 3-257 
57 1-695 4-823 3-953 2-285 
58 3-421 1-641 2-598 4-893 
59 2-862 3-418 1-247 4-632 
60 2-436 4-726 1-516 3-658 
61 3-528 1-185 2-231 4-642 
62 3-538 1-647 4-189 2-275 
63 4-851 2-372 1-162 3-917 
64 4-795 3-821 2-639 1-137 
65 3-791 4-524 2-618 1-258 
66 1-781 4-947 3-831 2-621 
67 3-289 2-643 4-715 1-846 
68 2-751 3-649 4-958 1-128 
69 4-837 1-725 2-167 3-672 
70 1-356 4-218 3-197 2-425 
71 4-472 2-512 1-876 3-653 
72 3-758 2-264 1-564 4-619 
73 2-765 4-687 1-324 3-164 
74 2-459 1-149 3-714 4-924 
75 1-518 2-675 3-845 4-749 
76 2-384 4-871 1-293 3-674 
77 3-295 1-376 2-493 4-178 
78 2-741 3-139 1-867 4-936 
79 1-379 4-482 3-532 2-872 
80 4-253 2-796 3-346 1-943 
81 4-395 3-735 2-469 1-251 
82 3-216 4-982 2-592 1-391 
83 2-319 4-816 1-529 3-491 
84 2-397 3-541 4-145 1-794 
85 4-385 2-534 1-175 3-273 
86 1-429 3-369 4-287 2-762 
87 1-184 2-327 4-896 3-576 
88 3-351 4-927 1-615 2-415 
89 2-348 1-793 4-193 3-215 
90 4-754 1-498 3-368 2-513 
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Table B2 (continued) 
Sample Set Sample Order (Sample#/Sample Code) 
91 3-132 1-248 2-612 4-579 
92 1-127 3-381 2-471 4-841 
93 3-274 4-329 1-932 2-461 
94 4-962 3-716 1-891 2-582 
95 2-961 1-856 4-328 3-187 
96 4-416 2-723 3-918 1-345 
97 2-593 3-314 4-243 1-152 
98 4-785 3-261 1-389 2-973 
99 2-147 3-489 4-743 1-693 
100 1-291 2-451 4-375 3-945 
101 2-734 4-462 3-975 1-186 
102 3-214 4-548 2-438 1-627 
103 4-798 2-863 1-531 3-412 
104 1-954 3-543 4-719 2-624 
105 2-157 4-718 3-813 1-419 
106 4-689 1-713 2-245 3-587 
107 3-712 4-134 2-842 1-283 
108 4-514 3-659 2-234 1-812 
109 2-561 4-764 1-481 3-683 
110 1-259 4-437 3-694 2-342 
111 3-854 1-165 4-398 2-219 
112 1-361 3-628 2-168 4-483 
113 2-569 3-367 1-894 4-281 
114 2-732 1-316 4-568 3-235 
115 2-613 1-237 3-194 4-864 
116 1-456 4-256 3-875 2-526 
117 3-843 1-631 4-354 2-146 
118 3-573 4-427 2-126 1-934 
119 3-148 2-517 1-217 4-426 
120 1-912 4-452 3-173 2-547 
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Appendix C: 
 
 
Analysis of Variance Tables 
Decontamination 
 
 
Table C1 
ANOVA of decontamination of L. monocytogenes on sliced turkey roll 
Type 3 Tests of Fixed Effects 
Effect Num DF Den DF 
F 
Value Pr > F 
Treatment 4 35 5.78 0.0011 
 
 
Table C2 
ANOVA of decontamination of E. coli O157:H7 on beef plate 
Type 3 Tests of Fixed Effects 
Effect Num DF Den DF 
F 
Value Pr > F 
Treatment 4 5 4.28 0.0713 
 
 
Table C3 
ANOVA of decontamination of Salmonella spp. on chicken skin 
Type 3 Tests of Fixed Effects 
Effect Num DF Den DF 
F 
Value Pr > F 
Treatment 4 4.04 20.87 0.0059 
 
 
Table C4 
ANOVA of decontamination of Salmonella spp. on pork skin. 
Type 3 Tests of Fixed Effects 
Effect Num DF Den DF 
F 
Value Pr > F 
Treatment 4 4 10.31 0.0221 
 
 
57 
 
 
Table C5 
ANOVA for pooled decontamination of all meat systems 
Type 3 Tests of Fixed Effects 
Effect Num DF Den DF 
F 
Value Pr > F 
Treatment 4 12 12.70 0.0003 
 
 
Table C6 
ANOVA for decontamination of E. coli on beef plate with varying concentrations of 
levulinic acid at 55.4, 68.7, and 76.3˚C 
Type 3 Tests of Fixed Effects 
Effect Num DF Den DF 
F 
Value Pr > F 
Temperature 2 2.56 1.46 0.3778 
Concentration 3 87.1 10.05 <.0001 
Temperature*Concentration 6 87.1 5.89 <.0001 
 
 
Residual Effects 
 
 
Table C7 
ANOVA for inhibition of L. monocytogenes on sliced turkey roll 
Type 3 Tests of Fixed Effects 
Effect Num DF Den DF 
F 
Value Pr > F 
week 5 4.4 2.06 0.2399 
Treatment 4 3.47 5.86 0.0720 
week*treatment  16 13.9 0.68 0.7741 
 
 
Table C8 
ANOVA for inhibition of E. coli O157:H7 on beef plate 
Type 3 Tests of Fixed Effects 
Effect Num DF Den DF 
F 
Value Pr > F 
week 3 15 2.01 0.1560 
treatment 4 4 2.24 0.2269 
week*treatmen
t 
12 15 1.40 0.2677 
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Table C9 
ANOVA for inhibition of Salmonella spp. on chicken skin 
Type 3 Tests of Fixed Effects 
Effect Num DF 
Den 
DF 
F 
Value Pr > F 
week 3 3.27 1.25 0.4220 
treat 4 4.95 14.88 0.0057 
week*treat 12 12 0.82 0.6342 
 
 
Table C10 
ANOVA for inhibition of Salmonella spp. on pork skin 
Type 3 Tests of Fixed Effects 
Effect Num DF Den DF 
F 
Value Pr > F 
week 3 3 3.71 0.5885 
Treatment 4 4 3.03 0.1540 
week*treatmen
t 
12 12 0.46 0.9018 
 
 
Colorimetric Analysis 
 
 
Table C11 
Analysis of variance for lightness values of sliced turkey roll 
Type 3 Tests of Fixed Effects 
Effect Num DF Den DF 
F 
Value Pr > F 
Day 6 105 80.19 <.0001 
Treatment 4 105 14.50 <.0001 
day*treatmen
t 
24 105 0.72 0.8182 
 
 
Table C12 
Analysis of variance for hue angle values of sliced turkey roll 
Type 3 Tests of Fixed Effects 
Effect Num DF Den DF 
F 
Value Pr > F 
Day 6 105 4.11 0.0010 
Treatment 4 105 3.52 0.0097 
day*treatmen
t 
24 105 0.29 0.9995 
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Table C13 
Analysis of variance for lightness values of ground beef patties 
Type 3 Tests of Fixed Effects 
Effect Num DF Den DF 
F 
Value Pr > F 
Day 6 105 118.88 <.0001 
Treatment 4 105 26.67 <.0001 
day*treatmen
t 
24 105 1.35 0.1538 
 
 
Table C14 
Analysis of variance for hue angle values of ground beef patties 
Tests of Fixed Effects 
Effect Num DF Den DF 
F 
Value Pr > F 
Day 6 105 79.18 <.0001 
Treatment 4 105 13.08 <.0001 
day*treatmen
t 
24 105 1.36 0.1454 
 
 
Table C15 
Analysis of variance for sensory tests 
Sensory Test P-value 
Turkey 0.089 
Ground beef  0.220  
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Appendix D 
 
 
Microbiological Data for Each Decontamination Trial 
 
 
Table D1 
Effects of wash treatments on L. monocytogenes on sliced turkey roll, trial 1 
 
Mean Log 
CFU/cm2 
Log Reduction  
(Treatment vs. control) 
Log Reduction 
 (Acid vs. Water) 
Untreated 6.24 --- --- 
Water 5.77 0.47 --- 
Acetic 5.95 0.29 -0.18 
Lactic 5.64 0.60 0.13 
Levulinic 5.80 0.44 -0.03 
 
 
Table D2 
Effects of wash treatments on L. monocytogenes on sliced turkey roll, trial 2 
 
Mean Log 
CFU/cm2 
Log Reduction 
(Treatment vs. control) 
Log Reduction (Acid vs. 
Water) 
Untreated 6.04 --- --- 
Water 5.99 0.05 --- 
Acetic 6.57 -0.53 -0.58 
Lactic 5.47 0.57 0.52 
Levulinic 5.92 0.12 0.07 
 
 
Table D3 
Effects of wash treatments on E coli O157:H7 on beef plate, trial 1 
 
Mean Log 
CFU/cm2 
Log reduction 
(Treatment vs. control) 
Log reduction (Acid vs. 
Water) 
Untreated 5.41 --- --- 
Water 5.31 0.1 --- 
Acetic 5.21 0.2 0.10 
Lactic 4.72 0.69 0.59 
Levulinic 4.88 0.53 0.43 
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Table D4 
Effects of wash treatments on E coli O157:H7 on beef plate, trial 2 
 
Mean Log 
CFU/cm2 
Log reduction 
(Treatment vs. Control) 
Log reduction (Acid vs. 
Water) 
Untreated 6.28 --- --- 
Water 5.37 0.91 --- 
Acetic 5.13 1.15 0.24 
Lactic 4.86 1.42 0.51 
Levulinic 5.06 1.22 0.31 
 
 
Table D5 
Effects of wash treatments on Salmonella spp. on chicken skin, trial 1 
 
Mean Log 
CFU/cm2 
Log reduction 
(Treatment vs. Control) 
Log reduction (Acid vs. 
Water) 
Untreated 6.51 --- --- 
Water 5.87 0.64 --- 
Acetic 5.24 1.27 0.63 
Lactic 5.19 0.62 -0.02 
Levulinic 5.08 1.43 0.79 
 
 
Table D6 
Effects of wash treatments on Salmonella spp. on chicken skin, trial 2 
 
Mean Log 
CFU/cm2 
Log reduction 
(Treatment vs. Control) 
Log reduction (Acid vs. 
Water) 
Untreated 5.4 NA NA 
Water 5.23 0.17 NA 
Acetic 4.51 0.89 0.71 
Lactic 4.19 1.21 1.04 
Levulinic 4.44 0.96 0.79 
 
 
Table D7 
Effects of wash treatments on Salmonella spp. on pork skin, trial 1 
 
Mean Log 
CFU/cm2 
Log reduction 
(Treatment vs. Control) 
Log reduction (Acid vs. 
Water) 
Untreated 5.63 --- --- 
Water 4.67 0.96 --- 
Acetic 4.88 0.75 -0.21 
Lactic 3.95 1.68 0.72 
Levulinic 4.85 0.78 -0.18 
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Table D8 
Effects of wash treatments on Salmonella spp. on pork skin, trial 2 
 
Mean Log 
CFU/cm2 
Log reduction 
(Treatment vs. Control) 
Log reduction (Acid vs. 
Water) 
Untreated 5.34 --- --- 
Water 4.81 0.53 --- 
Acetic 4.48 0.86 0.33 
Lactic 4.33 1.01 0.48 
Levulinic 4.09 1.25 0.72 
 
 
Table D9 
Effect of levulinic acid wash treatments on decontamination of E. coli O157:H7 on beef 
plate at 55.4, 68.7, and 76.3ºC, trial 1 
Treatment 
Mean Log 
CFU/cm2 
Log Reduction 
(Treatment vs. 
Control) 
Log Reduction 
 (Acid vs Water) Temperature 
  Untreated 5.48 NA NA 
Water 4.86 0.62 NA 
0.5% Levulinic 4.99 0.49 -0.13 
1.0% Levulinic 4.92 0.56 -0.06 
55.4 
2.0% Levulinic 4.73 0.75 0.13 
Water 5.74 -0.26 NA 
0.5% Levulinic 5.2 0.28 0.54 
1.0% Levulinic 5.15 0.33 5.15 
68.7 
2.0% Levulinic 4.93 0.55 0.81 
Water 5.32 0.16 NA 
0.5% Levulinic 5.33 0.15 -0.01 
1.0% Levulinic 5.06 0.42 0.26 
76.3 
2.0% Levulinic 4.92 0.56 0.4 
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Table D10 
Effect of levulinic acid wash treatments on decontamination of E. coli O157:H7 on beef 
plate at 55.4, 68.7, and 76.3ºC, trial 2 
Treatment 
Mean Log 
CFU/cm2 
Log Reduction  
(Treatment vs. 
Control) 
Log Reduction  
(Acid vs. Water) Temperature 
  Untreated 5.45 NA NA 
Water 5.14 0.31 NA 
0.5% Levulinic 5.32 0.13 -0.18 
1.0% Levulinic 5.32 0.13 -0.18 
55.4 
2.0% Levulinic 5.38 0.07 -0.03 
Water 5.35 0.1 NA 
0.5% Levulinic 5.23 0.22 0.12 
1.0% Levulinic 5.21 0.24 0.14 
68.7 
2.0% Levulinic 5.34 0.11 0.01 
Water 6.37 -0.97 NA 
0.5% Levulinic 6.06 -0.61 0.31 
1.0% Levulinic 5.89 -0.44 0.48 
76.3 
2.0% Levulinic 5.03 -0.42 1.34 
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Microbiological data for each trial of Residual Effects 
 
 
 
Fig. D1.  Growth of Listeria monocytogenes on sliced turkey roll, trial 1. 
 
 
 
Fig. D2.  Growth of Listeria monocytogenes on sliced turkey roll, trial 2. 
 
 
0	  
1	  
2	  
3	  
4	  
5	  
6	  
7	  
8	  
Week	  0	   Week	  2	   Week	  4	   Week	  8	   Week	  12	  Week	  16	  
Untreated	  
Water	  
Ace6c	  acid	  
Lac6c	  acid	  
Levulinic	  acid	  
0	  
1	  
2	  
3	  
4	  
5	  
6	  
7	  
8	  
9	  
Week	  0	   Week	  2	   Week	  4	   Week	  8	   Week	  12	  Week	  16	  
Untreated	  
Water	  
Ace6c	  acid	  
Lac6c	  acid	  
Levulinic	  acid	  
65 
 
 
 
Fig. D3.  Growth of E. coli O157:H7 on sliced turkey roll, trial 1. 
 
 
 
Fig. D4.  Growth of E. coli O157:H7 on sliced turkey roll, trial 2. 
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Fig. D5.  Growth of Salmonella spp. on chicken skin, trial 1. 
 
 
 
Fig. D6.  Growth of Salmonella spp. on chicken skin, trial 2 
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Fig. D7.  Growth of Salmonella spp. on pork skin, trial 1 
 
 
 
Fig. D8.  Growth of Salmonella spp. on pork skin, trial 2 
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